Introduction
============

Stem cells have emerged as a novel therapeutic option for cell death-related diseases, such as myocardial infarction. The effects of adult stem cells on damaged tissues are currently attributed mainly to proliferation, inhibition of apoptosis and inflammation, and increase in angiogenesis caused by the secretion of paracrine factors by injected stem cells, thus stimulating tissue regeneration and repair.[@b1-ijn-12-779]--[@b4-ijn-12-779] However, the difficulty of evaluating and determining the precise contribution of each mechanism involved in cell-based treatments is one of the obstacles to their approval for clinical use.[@b5-ijn-12-779],[@b6-ijn-12-779] Methods to determine the biodistribution and fate of injected cells are required to understand and refine stem cell therapies in patients.

The outcomes of clinical trials using stem cells are less assessable by invasive methods, which are usually used in experiments with animal models and include postmortem analyses, such as histologic analysis of tissues and organs.[@b7-ijn-12-779],[@b8-ijn-12-779] Currently, there are active efforts to develop and standardize suitable noninvasive methods for long-term tracking of cells after transplantation.[@b9-ijn-12-779]

Magnetic resonance imaging (MRI) offers an imaging modality that allows high-resolution visualization of cell biodistribution.[@b10-ijn-12-779]--[@b14-ijn-12-779] Several types of contrast agents have been used for MRI in vivo imaging, including superparamagnetic iron oxide nanoparticles (SPIONs), which successfully label different mammalian cell types.[@b15-ijn-12-779]--[@b19-ijn-12-779]

In this review, we discuss the main characteristics and limitations of molecular imaging technologies to investigate cellular biodistribution and fate. The primary focus was on SPION labeling methods for stem cells tracking in a myocardial infarction model, but we also discussed other models, markers, and molecular imaging techniques. We have reviewed the literature in the field and also provided unpublished data on mesenchymal stem cells labeling and tracking in the myocardial infarction model.

For this review, we consulted relevant articles published on prominent journals for each specific area covered in the topics, provided that they were indexed on PubMed, Wiley's Library, Science Central, and/or Google Scholar. We used the following keywords for our search: SPIONs, nanoparticles for cell labeling, cell tracking, tracking cells in myocardial infarction, in vivo cellular imaging, MRI, molecular imaging technologies, and nanoparticles toxicity.

Labeling stem cells and molecular imaging methods
=================================================

Two main approaches are used to label cells for in vivo tracking: direct and indirect labeling. Direct labeling involves a relatively simple step of in vitro incorporation of the marker molecule before the cell therapy.[@b20-ijn-12-779] A range of molecules can be used, and this technology is considered fairly well established and yields consistent and reproducible results. SPIONs, fluorescent dyes, or radionuclides can be used as probes to directly prelabel stem cells for noninvasive tracking.[@b9-ijn-12-779],[@b21-ijn-12-779]--[@b23-ijn-12-779] Standardized protocols used for labeling stem cells with SPIONs were previously compiled by us,[@b15-ijn-12-779],[@b24-ijn-12-779] and other direct-labeling reagents were reviewed by Marks and Nolan[@b25-ijn-12-779] and Progatzky et al.[@b26-ijn-12-779]

Indirect labeling is a considerably different method, which includes genetic modification in order to either produce an appropriate signal-generating molecule or increase the affinity of cells to contrast agents.[@b9-ijn-12-779],[@b21-ijn-12-779],[@b27-ijn-12-779]--[@b32-ijn-12-779] Transient expression of reporter proteins by DNA vector transfection is often included in this set of cell labeling.[@b9-ijn-12-779] Another alternative is stable expression of the reporter protein by transduction of the cells with a virus. Differently from transient expression, stably transformed cells will continue to produce the protein of interest for long periods and allow us to monitor not only its biodistribution and cell fate but also cell proliferation, considering that the daughter cells will also produce the marker.[@b21-ijn-12-779],[@b32-ijn-12-779]

Indirect and direct methods might serve the purpose of successfully labeling stem cells for noninvasive tracking in vivo. [Table 1](#t1-ijn-12-779){ref-type="table"} summarizes the advantages and disadvantages of each method.[@b9-ijn-12-779]

The term "molecular imaging" can be broadly defined as the in vivo characterization and measurement of biological processes at the cellular and molecular levels.[@b33-ijn-12-779] Here, for our purposes, molecular imaging methodologies are related to the observation of specific cell markers present in the injected cells, in order to follow their biodistribution in a time-dependent manner with noninvasive methods.

The different cell markers available can be monitored in vivo by various imaging methods. The most commonly used methods are summarized in [Table 2](#t2-ijn-12-779){ref-type="table"} and have been thoroughly reviewed in studies by Kircher et al,[@b9-ijn-12-779] Hong et al,[@b21-ijn-12-779] Naumova et al,[@b22-ijn-12-779] James and Gambhir,[@b34-ijn-12-779] Chen et al,[@b35-ijn-12-779] and Zhang et al.[@b36-ijn-12-779]

For preclinical or clinical studies, it is essential to consider the advantages and disadvantages of each molecular imaging modality. The challenge is to develop effective imaging strategies with a combination of imaging modalities, labeling reporter systems, and probes.

Properties of SPIONs
====================

Although several studies have used SPIONs for health-related purposes, their intrinsic properties have been little discussed. In this section, we provide an overview of the main characteristics and techniques involved in the production of SPIONs and discuss possible concerns regarding their use.

The first iron oxide nanoparticles were developed in 1995. These were dextran-coated iron oxide nanoparticles with a 100--150 nm hydrodynamic radius and contained a 5--10 nm iron oxide core.[@b37-ijn-12-779] Notably, gadolinium, a paramagnetic metal ion extensively used to enhance contrast in MRI, can also be used for direct labeling and tracking of cells. Different formulations of gadolinium and SPIONs were clinically approved for in vivo diagnostics.

The functioning core of SPIONs is composed of nanostructured iron oxide molecules, of which the most commonly used are Fe~3~O~4~ (magnetite), γ-Fe~2~O~3~ (maghemite), and α-Fe~2~O~3~ (hematite).[@b38-ijn-12-779] Both the chemical composition and the nanostructure of the material are responsible for the characteristics exploited for several applications in biological sciences, such as superparamagnetism.[@b39-ijn-12-779],[@b40-ijn-12-779] Biocompatible SPIONs, such as magnetite, have been widely used for in vivo biomedical applications. Their slower renal clearance and higher relaxation values compared with the gadolinium-based contrast agents make them more attractive for imaging purposes.[@b41-ijn-12-779] In 1949, Néel[@b42-ijn-12-779] first began to theorize about the magnetic behavior of single-domain particles, which are essentially nanoparticles displaying a single magnetic field direction. Superparamagnetism is a state in which the whole particle behaves as a paramagnetic atom, for example, the magnetic moment of this single-domain particle becomes aligned with the external magnetic field.[@b42-ijn-12-779],[@b43-ijn-12-779] For this reason, MRI is generally the technique of choice to observe SPIONs. MRI offers high resolution; simultaneous detection of functional, molecular, and anatomical data; and direct clinical translation. However, the sensitivity of MRI and its compatibility with many devices currently used in clinical practice still need to be improved.[@b36-ijn-12-779]

A precise nanostructure is fundamental to obtain reproducible and functioning magnetic nanoparticles. Therefore, the iron oxide molecules used to manufacture SPIONs occur naturally in the earth's crust, for research and clinical applications they must be synthesized under specific conditions in order to yield compounds of high purity and the appropriate size.[@b41-ijn-12-779] Kaiser and Miskolczy[@b44-ijn-12-779] were the first to report the synthesis of ferrofluidic magnetic colloids. Subsequently, other research groups reported the production of other compounds, although these compounds were not intended for biomedical applications.[@b45-ijn-12-779]--[@b47-ijn-12-779]

Relatively less expensive methods for producing nanoparticles of suitable quality must be explored for use in medical applications.[@b48-ijn-12-779] SPIONs can be produced by physical, biological, or chemical methods, and this last is most often used.[@b41-ijn-12-779] The precipitation of SPIONs from a solution is the preferred method, and results in the production of nanoparticles with relatively high quality and lower cost.[@b41-ijn-12-779],[@b47-ijn-12-779],[@b49-ijn-12-779] Sen et al[@b50-ijn-12-779] compared the early coprecipitation methods and suggested that the initial procedures published by Massart[@b45-ijn-12-779] could result in spherical, uniformly sized particles.

The biomedical and biological applications of SPIONs require them to be stable in water at neutral pH and physiological salinity. This colloidal stability depends on the dimensions of the particles, which must be sufficiently small to prevent them from precipitating due to gravitational force. Another important factor is the surface properties of SPIONs. Usually SPIONs are coated with a biocompatible polymer during or after the synthesis process in order to prevent the formation of large aggregates, changes from the original structure, and biodegradation when exposed to the biological system. In addition, a polymer coating can also allow binding of drugs or receptors/ligands, which will facilitate targeting to specific tissues or cells. These surface modifications of the SPIONs may be carried out during or after synthesis.[@b41-ijn-12-779] For in vivo molecular imaging, the following coatings have been applied: polyethylene glycol, polyvinyl alcohol, dextran, starch, and liposomes.[@b15-ijn-12-779],[@b51-ijn-12-779]--[@b55-ijn-12-779]

Labeling of cells with SPIONs
=============================

For the purposes of stem cell therapy, the inherent biological features of the cells are essential to attain the desired results. Thus, upon reaching the target, the cells are expected to be viable and proliferate appropriately, and not induce apoptosis or necrosis or undergo malignant transformation. Therefore, ideally, cell labels must not interfere with any of these properties. As additional requirements, the markers ought to be efficiently incorporated by the cells and their signal should not fade within a short time.[@b9-ijn-12-779],[@b21-ijn-12-779]

Different SPIONs were approved for clinical application, tested in clinical trials, and commercially available for some time. For instance, the SPIONs Feridex/Endorem (dextran-coated, 120--180 nm in diameter) and Combidex/Sinerem (dextran-coated, 15--30 nm) were available from AMAG Pharmaceuticals/Guerbet, although both of them were eventually discontinued. The SPIONs Resovist (carboxydextran-coated, 60 nm) and Supravist (carboxydextran-coated, 21 nm) were produced by Bayer Schering Pharma AG,[@b56-ijn-12-779] and Resovist has been discontinued. GE Healthcare produced a SPION, Clariscan, coated with pegylated starch and 20 nm in diameter, which was also discontinued due to safety concerns.[@b57-ijn-12-779]

SPIONs were initially designed as contrast agents and were used primarily for diagnosis. The utilization of these same SPIONs for cell tracking is novel, but this labeling method has been severely affected by the discontinuation of commercially available SPIONs that were already approved for human use as contrast agents. Consequently, a number of preclinical studies have been published using SPIONs that are no longer commercially available or not yet approved for use in humans. This situation presents a clear opportunity for the development of new SPIONs suitable for clinical applications, now focusing on cellular tracking.

More recently, ferumoxytol (Feraheme^®^, AMAG Pharmaceuticals), an ultrasmall SPION that was originally approved by the US Food and Drug Administration as an iron supplement for treating iron deficiency in patients with chronic kidney disease[@b58-ijn-12-779] has also been used for cell labeling. Castaneda et al[@b59-ijn-12-779] described a protocol for using ferumoxytol and protamine to label human mesenchymal stem cells, human embryonic kidney 293 cells, and induced pluripotent stem cells. Skelton et al also used ferumoxytol to label cardiac progenitor cells derived from human embryonic stem cells. In this study, ferumoxytol was added at different time points and concentrations, and the authors reported that the concentration of 300 mg/mL on day 0 of cardiac differentiation provided the best results in terms of cell viability and signal intensity for MRI. The cells were transplanted intramyocardially, and labeled cells could be effectively imaged and tracked by MRI for up to 40 days.[@b60-ijn-12-779]

Besides those produced for clinical applications, several chemical companies also supply nonclinically approved SPIONs with different size ranges, coatings, and surface functionalities, as recently reviewed by Wang et al.[@b56-ijn-12-779]

Our group has also used a nonclinically approved nanoparticle, FeraTrack (Miltenyi Biotec), to label and track bone marrow-derived mononuclear cells[@b61-ijn-12-779],[@b62-ijn-12-779] and mesenchymal stem cells[@b63-ijn-12-779] in different preclinical models of neurologic diseases. We were able to track labeled mononuclear cells after intravitreal injection in a rat model of optic-nerve crush, but 14 days post injection the signal derived from the transplanted cells was almost absent.[@b61-ijn-12-779] Also using SPION-labeled mononuclear cells, it was possible to observe labeled cells in a mouse model of amyotrophic lateral sclerosis after an injection into the spinal cord, even after 72 days post injection. However, using the antibody anti-Iba1 to identify microglia/macrophages in histologic sections, the authors observed many SPION-labeled cells in close apposition to Iba1-positive cells. It could be argued that part of the SPION-labeled cells was phagocytized by resident microglia.[@b62-ijn-12-779]

In another study using MRI, we detected labeled mesenchymal stem cells for up to 18 weeks after intravitreal transplantation in a rat model of optic-nerve crush. Immunostaining with the antibody anti-Iba1 revealed that the vast majority of the cells found in the vitreous body were negative for Iba1.[@b63-ijn-12-779]

Recently, Ngen et al proposed and validated a method of dual-contrast with SPIONs and gadolinium chelate. This technique successfully allowed them to assess both cell localization and cell death by MRI, as it is based on diffusional differences between a T2/T2\* and a T1 contrast agent. The authors suggested that this technique could be used to evaluate cell-based therapies, by providing timely feedback about cell distribution and when cell death occurs after transplantation.[@b64-ijn-12-779]

One of the challenges in this field is to incorporate the SPIONs into the cells, as most stem cells are nonphagocytic. The incorporation of SPIONs by nonphagocytic cells can be facilitated by cationic compounds such as poly-[l]{.smallcaps}-lysine and protamine, due to their interaction with the negatively charged cell surface and subsequent endosomal uptake.[@b15-ijn-12-779] Other incorporation facilitators are FuGENE,[@b65-ijn-12-779] Superfect, and Lipofectamine.[@b66-ijn-12-779] Among these facilitator agents, protamine has been widely used because it is already clinically approved for other purposes.[@b67-ijn-12-779] The major advantage of these incorporation protocols is their simplicity, but they require an incubation period, and the necessity to culture the cells can be inconvenient. Magnetoelectroporation and magnetosonoporation induce reversible electromechanical permeability changes in cell membranes, facilitating rapid incorporation of the nanoparticles into freshly isolated cells.[@b68-ijn-12-779],[@b69-ijn-12-779] Similarly, Lei et al[@b70-ijn-12-779] recently published an alternative method using focused ultrasound. However, the long-term effect of these procedures on the stem cell biology requires more thorough evaluation.

Several investigators, including our group, have reported a labeling procedure using a cationic compound to facilitate incorporation; this method is highly efficient, reaching virtually 100% of the cells.[@b15-ijn-12-779],[@b71-ijn-12-779]--[@b73-ijn-12-779] The data and images shown in [Figure 1](#f1-ijn-12-779){ref-type="fig"} illustrate the high proportion of bone marrow-derived mesenchymal stem cells labeled with SPIONs. For this experiment we used the SPION Feridex (AMAG Pharmaceuticals, Waltham, MA, USA) and protamine (Valeant Pharmaceuticals International, São Paulo, SP, Brazil) as a facilitator agent. Because Feridex is a dextran-coated nanoparticle, it can be quantified by fluorescence microscopy using an anti-dextran antibody.

Modifications of the SPION surface have been developed by different investigators (reviewed in the study by Bull et al[@b74-ijn-12-779]). Lee et al[@b75-ijn-12-779] produced heparin-coated SPIONs and observed long-term cellular tracking of mesenchymal stem cells, increasing the utility of the technique. Barrow et al[@b76-ijn-12-779] synthesized dextran polymers with different surface charges, allowing enhanced SPION incorporation without the aid of facilitating agents.

In addition to the stem cell tracking, SPIONs have also been used to magnetically target stem cells to lesion sites, as described by Nishida et al.[@b77-ijn-12-779] Hamasaki et al,[@b78-ijn-12-779] successfully showed, in organotypic cultures, the possibility of enhancing axon formation by magnetically localizing SPION-labeled cells. Studies on the use of SPIONs to focus the delivery of stem cells to specific areas are still being conducted, and have been published by Cheng et al[@b79-ijn-12-779] and by Ito et al[@b80-ijn-12-779] as reviewed by Cores et al.[@b81-ijn-12-779]

Potential toxicity
==================

Safety is a main concern, due to the unique and unusual properties acquired by compounds forming particles with nanometric sizes. Although SPIONs are currently the only metal oxide approved for medical uses,[@b80-ijn-12-779],[@b82-ijn-12-779] their potential toxicity is still under discussion.

Several toxicity parameters have been assessed, considering a possible negative effect on the physiology of labeled cells, even though long-term effects in humans have not been reported. Relatively low toxicity has been found even when nanoparticle concentrations as high as 100 μg/mL were used, yet some studies have reported some level of damage to cells.[@b82-ijn-12-779],[@b83-ijn-12-779] Basically, in vitro experiments have demonstrated the toxicity of SPIONs, causing cellular stress,[@b84-ijn-12-779]--[@b88-ijn-12-779] alterations in gene expression due to chromatin changes and genotoxicity,[@b82-ijn-12-779],[@b89-ijn-12-779],[@b90-ijn-12-779] decrease in cell proliferation,[@b83-ijn-12-779],[@b85-ijn-12-779],[@b87-ijn-12-779],[@b88-ijn-12-779] and promotion of a proinflammatory environment.[@b91-ijn-12-779]--[@b93-ijn-12-779]

In most studies, SPIONs do not exert any reported effects on adipogenic[@b94-ijn-12-779],[@b95-ijn-12-779] and neurogenic differentiation.[@b96-ijn-12-779] Divergent results have been obtained concerning osteogenic and chondrogenic differentiation.[@b94-ijn-12-779]--[@b97-ijn-12-779] We were able to obtain chondrogenic, osteogenic, and adipogenic differentiation of mesenchymal stem cells after SPION labeling.[@b15-ijn-12-779] More recently, Balakumaran et al[@b98-ijn-12-779] successfully demonstrated the potential of SPI-ON-labeled stem cells to appropriately differentiate in vivo.

[Figure 2](#f2-ijn-12-779){ref-type="fig"} shows Feridex-labeled mesenchymal stem cells harvested from bone marrow of Wistar rats, which are differentiated into adipocytes and chondrocytes. The SPIONs were present in the cells even after the differentiation process. Besides the possible toxicity directly related to the incorporation of SPIONs into the cytoplasm, it is important to point out the effects caused by the facilitating agent used and emphasizing the necessity of selecting suitable agents. We demonstrated this issue in a study where we used two types of facilitating agents, such as protamine and poly-[l]{.smallcaps}-lysine. We showed that Feridex efficiently labeled mesenchymal stem cells when incubated with both agents for 4 or 24 hours. However, the complexes formed by Feridex and poly-[l]{.smallcaps}-lysine altered cell proliferation after 24 hours of exposure, a problem that was not observed with Feridex and protamine complexes. In addition, the protocol using Feridex with protamine did not affect cell viability for up to 7 days after incorporation and the in vitro differentiation potential,[@b15-ijn-12-779] as shown in [Figure 2](#f2-ijn-12-779){ref-type="fig"}. It has been suggested that poly-[l]{.smallcaps}-lysine can form large aggregates with SPIONs, which are not incorporated by the cells and remain attached to the plasma membrane, even in low concentrations.[@b95-ijn-12-779]

The toxicologic aspects of the nanoparticles deserve attention in experimental and clinical applications, but the toxicity results described in this section may have little impact on the general health of a patient after cell transplantation.[@b82-ijn-12-779],[@b83-ijn-12-779],[@b99-ijn-12-779] However, the effects on the properties of cells to be utilized in therapies must be carefully investigated. Due to these concerns, it would be advisable to label only a small percentage of the injected cells in order to minimize the risks and maintain the therapeutic potential. For this reason, studies are needed to establish the minimal number of cells which will give a sufficient signal for cell tracking.

Tracking cells in cardiovascular disease
========================================

Myocardial infarction
---------------------

Myocardial infarction may result from coronary artery disease, either as a first manifestation or in patients presenting the established disease.[@b100-ijn-12-779] Diagnosis is based on clinical examination, electrocardiography, and the presence of specific cardiac biomarkers in the blood, such as cardiac troponin and creatine kinase-MB.[@b101-ijn-12-779] The immense burden of cardiovascular diseases emphasizes the need for more research on ways to mitigate the deleterious effects of myocardial infarction.[@b102-ijn-12-779]

In addition to the biomarkers released in the blood during heart injuries, several growth factors related to regeneration, angiogenesis, and necrosis are also released.[@b103-ijn-12-779] Ogawa et al[@b103-ijn-12-779] recently reported the augmentation of vascular endothelial growth factor in patients with acute myocardial infarction. In the same year, the regulatory role of this cell factor was studied by Zhao et al.[@b104-ijn-12-779] Two other ligands, nerve growth factor and myeloid-derived growth factor, have increased circulation levels after myocardial infarction and have been connected to postinjury myocardial regeneration.[@b105-ijn-12-779],[@b106-ijn-12-779] Similar to other striated muscles, the injured cell milieu generated by the damage dictates the tropism of resident progenitor and stem cells to the injury site, mediating a certain degree of self-recovery,[@b103-ijn-12-779]--[@b107-ijn-12-779] but since the adult cardiomyocytes are known to be in mitotic arrest, this limits the repair mechanism.[@b108-ijn-12-779],[@b109-ijn-12-779]

Thus, considering the low regeneration potential of the endogenous mechanisms attempts to stimulate regeneration by using exogenous stem cells seem plausible.[@b110-ijn-12-779],[@b111-ijn-12-779] Stem cell therapy has been reported to have beneficial effects in patients who had previously suffered a myocardial infarction. This issue, although controversial and not the focus of the present review, has been recently reviewed by Fisher et al[@b111-ijn-12-779] and Wang et al.[@b112-ijn-12-779]

Stem cell tracking in myocardial injury
---------------------------------------

Although a vast amount of preclinical evidence indicates the success of cell-based therapies for myocardial injuries, the underlying mechanisms involved in the repair/regeneration achieved still need to be unraveled for all cell types used.[@b113-ijn-12-779] Although a matter of great controversy and debate in the field, it has been suggested that heart repair or regeneration achieved after injection of stem cells occurs mainly by paracrine mechanisms involving the secretion of trophic and antiapoptotic factors and anti-inflammatory cytokines.[@b113-ijn-12-779]--[@b115-ijn-12-779]

Cellular tracking is an important part of the investigation of stem cell-based therapies for myocardial regeneration after either in situ or systemic injection of stem cells. Systemically delivered cells, or their products, must reach the heart in order to interact with the injury site and promote recovery; whereas those injected into the infarcted heart must remain in situ in order to promote recovery.[@b110-ijn-12-779],[@b116-ijn-12-779] In this case, intramyocardial injection seems to be more efficient than intracoronary injection. The decision between organ and systemic cellular delivery is one of the earliest to be made in cell-based therapies, and cellular-tracking methods are very helpful to this end.

It seems to be well established that stem cells applied systemically for therapies aiming toward cardiac repair are not found in the organ soon after injection, although the cells themselves were successfully labeled.[@b117-ijn-12-779],[@b118-ijn-12-779] Using a murine model of Chagas disease, we performed experiments that supported these findings. We injected SPION- and fluorescent nanoparticle-labeled mesenchymal cells into the tail vein of chagasic mice, and after 48 hours, only a very low number of fluorescent-labeled cells could be detected in the hearts by ex vivo imaging, using an in vivo imaging system and by confocal microscopy of tissue sections. In this model, we were not able to observe SPION-labeled cells in the heart by MRI, despite very efficient in vitro cellular labeling before injection[@b119-ijn-12-779] as shown in [Figure 1](#f1-ijn-12-779){ref-type="fig"}. This is consistent with another report, where the authors obtained only a limited visualization of SPION-labeled mesenchymal cells by MRI in dogs submitted to myocardial infarction, although radionuclide-labeled cells were detected by single photon emission computed tomography (SPECT)/computed tomography (CT).[@b117-ijn-12-779]

The injected cells can be more easily detected after intra-coronary or intramuscular injection. In a porcine model, after injection into the myocardium of different concentrations of mesenchymal stem cells, labeled with iron fluorophore particles, it was possible to detect 10^5^ cells in the heart by MRI, although lower cell numbers were not detectable.[@b120-ijn-12-779] In another study, the authors were able to follow SPION-labeled bone marrow progenitor cells by MRI in heart tissue for weeks after intracoronary injection, but a very large number (13×10^6^) of cells were used in this study.[@b121-ijn-12-779] Also using a very large number (100×10^6^) of SPION-labeled mesenchymal stem cells delivered by intrapericardial administration in porcine models, the authors identified a significant number of cells retained in the cardiac tissue a few days after injection.[@b122-ijn-12-779] In small rodents, it was possible to observe SPION-labeled mesenchymal stem cells (Endorem) after direct injection into the myocardial infarction scar.[@b123-ijn-12-779] In our experiments, we also were able to detect SPION-labeled mesenchymal cells after injection of 3×10^6^ cells into leg muscle of mice,[@b15-ijn-12-779],[@b24-ijn-12-779] 1×10^6^ cells into rat striatum,[@b124-ijn-12-779] and 5×10^6^ rat intravitreally.[@b63-ijn-12-779] In addition, using mononuclear cells from bone marrow, we detected SPION-labeled cells after the injection of 10^6^ cells into spinal cord[@b62-ijn-12-779] and 5×10^6^ cells intravitreally.[@b63-ijn-12-779]

As mentioned above, we could detect cells labeled with fluorescent nanoparticles by in vivo imaging better than cells labeled with SPIONs by MRI in chagasic mouse hearts after systemic injection. However, despite the higher sensitivity of the fluorescence-based imaging technique compared to MRI, it is not clinically translatable and has poor spatial resolution and limited penetration depth. In our study, we had to externalize the organs, including the heart, to acquire ex vivo images, otherwise the deep tissues could not be monitored.[@b119-ijn-12-779],[@b125-ijn-12-779] Brasil et al's unpublished results (2016) revealed that cardiomyocytes derived from mouse embryonic stem cells labeled with SPIONs, when directly injected into the heart muscle of chagasic mice, are detected by MRI 48 hours after injection. Furthermore, technetium-99m (^99m^Tc)-labeled bone marrow-derived mononuclear cells delivered by intracoronary injection in chronic chagasic patients are detected in the heart 24 hours after injection.[@b126-ijn-12-779] These data suggest that labeled cells injected in situ can be detected by different in vivo imaging modalities at least within hours of cell injection.

Recently, Martens et al evaluated the biodistribution of pluripotent stem cells after intramyocardial injection in infarcted mice, by in vivo bioluminescence analysis. The authors could reveal and quantify massive early stem cell loss in heart and accumulation of them in the lung. When they increased the cell concentration, much larger numbers of cells were counted in the heart, although pulmonary accumulation still persisted.[@b127-ijn-12-779] In our studies with chagasic mice injected systemically with mesenchymal cells, we also observed a preferential migration to the lung, liver, and spleen, but with a beneficial cardiac effect as well.[@b119-ijn-12-779],[@b125-ijn-12-779] In another study, investigating a canine model of myocardial infarction and a combination of SPECT/CT imaging for mesenchymal-cell tracking, a redistribution of labeled cells within 24--48 hours after intravenous injection, from the initial localization in the lungs to other nontarget organs such as liver, kidney, and spleen[@b117-ijn-12-779] was detected. The functional recovery induced in stem cell-transplanted animals with heart lesions points to the still-incipient knowledge of the mechanisms of stem cell-mediated cardiac repair.[@b118-ijn-12-779],[@b125-ijn-12-779] Barbash et al[@b118-ijn-12-779] showed, by ^99m^Tc labeling, that mesenchymal stem cells injected into the left ventricular cavity could be detected in the heart in much greater quantities than when systemically administered. As mentioned above, intracoronary transplantation of mononuclear cells previously labeled with ^99m^Tc in chagasic patients showed a very low intensity of radioactivity (2.3%) in the heart compared with other nontarget organs, such as the liver and the spleen, 24 hours after cell injection.[@b126-ijn-12-779]

Overall, regardless of the labeling and imaging modality used, cells are not found in significant numbers in the heart after systemic injection. Stem cells injected directly into the heart are more prone to be found in the organ, but some authors have found a substantial redistribution with time. Thus, it has been suggested that tissue-engineering techniques, utilizing scaffolds and cells, should be used for stem cell transplantation in order to improve cardiac retention and limit cell redistribution.[@b127-ijn-12-779]

In addition to allowing cell monitoring by MRI, SPIONs may potentially be directed in vivo to a target organ using magnets. Vandergriff et al labeled human cardiosphere-derived stem cells with ferumoxytol and heparin or protamine. They reported that the technique was not toxic to the cells. The authors performed an intracoronary injection of ferumoxytol-labeled rat cardiosphere-derived stem cells in rats, with and without magnetic targeting. The authors reported that magnetic targeting improved cardiac homing of transplanted cells as assessed by fluorescence imaging, MRI, and quantitative polymerase chain reaction 24 hours after cell transplantation.[@b128-ijn-12-779]

Here, we present previously unpublished qualitative data on stem cell tracking in infarcted rats. We used immunostaining analysis by fluorescent or confocal microscopy to observe Feridex-labeled mesenchymal stem cells in a rat model of myocardial infarction. The animals were submitted to infarction by the ligation of the left anterior descending artery, and 24 hours later received an intramyocardial injection of 1×10^6^ labeled stem cells in the left ventricle wall. Hearts were then harvested, 24 hours or 12 days after cell transplantation. We used an anti-dextran antibody to reveal the Feridex nanoparticles. Twenty-four hours after transplantation, it was possible to observe cells close to the injection site, which was near the infarcted area, as shown in [Figure 3](#f3-ijn-12-779){ref-type="fig"}. The representative images shown in [Figure 3](#f3-ijn-12-779){ref-type="fig"} demonstrate a substantial number of transplanted cells at the injection site and in areas distant from the initial injection, as in the myocardial septum, evidencing relatively rapid cell redistribution in the heart. [Figure 4](#f4-ijn-12-779){ref-type="fig"} shows two dextran-positive cells 12 days after transplantation, illustrating the intense cell loss as mentioned above.

We also performed some pilot experiments examining proliferation and apoptosis in the cell-treated infarcted hearts. [Figures 5](#f5-ijn-12-779){ref-type="fig"} and [6](#f6-ijn-12-779){ref-type="fig"} show an evaluation of proliferation (using an anti-Ki-67 antibody) and apoptosis (anti-activated caspase-3), respectively, in infarcted heart tissue treated with labeled cells. We found a few dextran-positive cells that were also positive for Ki-67 ([Figure 5B--5B‴](#f5-ijn-12-779){ref-type="fig"}), suggesting that mesenchymal stem cells are still able to proliferate in vivo after transplantation and SPION labeling. The vast majority of proliferating cells are not dextran-positive ([Figure 5A--5A‴](#f5-ijn-12-779){ref-type="fig"}), and may be fibroblasts in the infarcted area. We also evaluated cells expressing activated caspase-3 after transplantation ([Figure 6](#f6-ijn-12-779){ref-type="fig"}). Apoptotic cells could be detected in the tissue, as expected due to the injury. However, we found a very small number of dextran-positive cells close to the activated caspase-3 staining, suggesting that the apoptotic process of these cells is not intense in the first 24 hours after cell injection. As we did not perform evaluations after this time point, it is impossible to determine whether the disappearance of these cells from the heart can be attributed to apoptosis of the injected cells or to their redistribution. This question should be thoroughly investigated because adaptations of cell therapy must be governed by the intensity of each of these processes.

Use of reporter genes
---------------------

In addition to direct labeling with SPIONs, different groups have used reporter gene methods to track cells with MRI.[@b129-ijn-12-779] Campan et al used human ferritin heavy chain (hFTH) as a reporter gene to track stem cells in vivo. They performed the transduction of porcine cardiospheres with a lentiviral vector to achieve overexpression of hFTH. After 45 minutes of myocardial infarction, rats received an intramyocardial infusion of nontransduced cardiospheres, hFTH-cardiospheres, or saline solution in the lesion border. The authors reported that the signal could be detected 1 week after cell transplantation, and that no significant change in its size was noted after 4 weeks. Also, the transduction did not alter the therapeutic potential of the cells, and both treated groups had a similar reduction in infarct size and improved left ventricular function compared with controls. Histologic analysis also indicated that ferritin overexpression did not affect cell differentiation.[@b130-ijn-12-779]

Chung et al used a reporter gene designed to express the antigens hemagglutinin A and myc on the surface of embryonic stem cells.[@b131-ijn-12-779] Then, they conjugated SPIONs with monoclonal antibodies against the antigens. After myocardial infarction, the mice received an intramyocardial injection of the embryonic stem cells transduced with the reporter gene. Next, SPIONs conjugated with monoclonal antibodies were injected intravenously at 3, 5, 7, 10, and 14 days after cell transplantation. The authors reported that on day 3, none of the animals had a signal in MRI, whereas the proportion increased to 50%, 75%, and 100% on days 5, 7, and 10, respectively.

Conclusion and considerations
=============================

The ideal nanoparticle for noninvasive cellular tracking must be biocompatible, nontoxic, and stable at neutral pH and physiological salinity. Specifically, for MRI tracking, the high magnetization of the nanoparticle is an important feature because it is a low-sensitivity technique. A combination of different molecular imaging modalities, reporter systems, and probes also can resolve some limitations of each tracking technique that is available at present.

Taking everything into consideration, SPIONs appear to be a promising technology to investigate homing, biodistribution, and fate of the injected cells used in therapies in preclinical and clinical studies. Although the available data indicate that SPIONs are safe, further studies on their long-term in vivo effects are still needed. To reduce safety concerns, labeling only a small percentage of the injected cells should be pursued. For MRI, this will require determination of the minimal number of cells detectable by this imaging technique, according to the cell type, disease, and administration route used in therapy.
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![Mesenchymal stem cells incubated with superparamagnetic iron oxide nanoparticles.\
**Notes:** Mesenchymal cells were harvested from bone marrow of Wistar rats and cultured for three passages. They were then incubated with Feridex (50 μg/mL) and protamine (5.0 μg/mL) for 4 hours and trypsinized for subsequent transplantation. Immunostaining using the primary antibody anti-dextran (1:1000; Stem Cell Technologies, Vancouver, BC, Canada) was performed in trypsinized cells to detect the superparamagnetic iron oxide nanoparticles. (**A**) Graph showing the high proportion of dextran-positive cells. (**B**--**B**‴) Fluorescent microscopy images, showing (**B**) nuclei stained with 4′,6-diamidino-2-phenylindole (blue), (**B**′) dextran-positive cells, and (**B**″) merged images. (**B**‴) Higher-magnification image of the area indicated by the white box. Scale bar =50 μm.](ijn-12-779Fig1){#f1-ijn-12-779}

![Differentiation potential of mesenchymal stem cells labeled with SPIONs.\
**Notes:** Mesenchymal cells were harvested from bone marrow of Wistar rats, cultured, and induced to differentiate in chondrocytes and adipocytes after the exposure to Feridex (50 μg/mL) and protamine (5.0 μg/mL) for 4 hours. (**A**) Alcian blue staining showing chondrogenesis in Feridex-labeled cells. The nuclei were counterstained with nuclear fast red. (**A**′) Higher magnification of the black box, showing brown deposits indicating the presence of SPIONs. (**B**) Oil Red O staining indicating adipogenesis in labeled cells. (**C**--**C**″) Representative images showing higher magnification of dextran-positive cells after adipocyte differentiation. These images were acquired in a black/white charge-coupled device camera, and thus red color from Oil Red staining is not visible in the figure. (**C**) Bright-field microscopy image of an adipocyte revealed by Oil Red staining, (**C**′) nuclei counterstained with 4′,6-diamidino-2-phenylindole (blue) and dextran-positive cell (green), and (**C**″) merged images. Scale bar =50 μm.\
**Abbreviation:** SPION, superparamagnetic iron oxide nanoparticle.](ijn-12-779Fig2){#f2-ijn-12-779}

![Tracking-labeled mesenchymal stem cells 24 hours after transplantation in infarcted hearts.\
**Notes:** Positive cells for dextran (green) were found both at the injection site and distant (myocardial septum) from the injection site. The nuclei were counterstained with 4′,6-diamidino-2-phenylindole (blue). (**A**) Photomontage showing cells in the injected area in the left ventricle wall (the arrowheads point for dextran-positive cells into the heart tissue). (**B**) Representative image of dextran-positive cells found in areas close to the injection site. (**C**) Representative image of labeled cells in a region far from the injection area, the myocardial septum. Scale bar =200 μm in (**A**) and 50 μm in (**B**) and (**C**).](ijn-12-779Fig3){#f3-ijn-12-779}

![Tracking of transplanted labeled mesenchymal stem cells 12 days after transplantation in the infarcted heart.\
**Notes:** Confocal microscopy of the tissue, showing rare positive cells for dextran (green) and nuclei counterstained with DAPI (blue). (**A**) Cells stained with dextran, showing different morphologies. (**B**--**B**″) Higher magnification of the box in (**A**), showing (**B**) nuclei counterstained with DAPI, (**B**′) dextran-positive cell, and (**B**″) merged image. (**C**--**C**‴) Higher magnification of the box in (**A**) showing (**C**) dextran-positive cell, (**C**′) troponin I staining (red), (**C**″) nuclei counterstained with DAPI, and (**C**‴) merged image. Scale bar =50 μm.\
**Abbreviation:** DAPI, 4′,6-diamidino-2-phenylindole.](ijn-12-779Fig4){#f4-ijn-12-779}

![Qualitative analysis of proliferation in infarcted myocardium 48 hours after injury and 24 hours after Feridex-labeled mesenchymal cell transplantation.\
**Notes:** Fluorescence microscopy images showing Ki-67-positive cells (red) and dextran-positive cells (green) in an area close to the injection site. The nuclei were counterstained with DAPI (blue). (**A**, **B**) DAPI staining, (**A**′, **B**′) Ki-67 expression, (**A**″, **B**″) dextran staining, and (**A**‴, **B**‴) merged images. (**B**″″) Higher magnification image of the area is indicated by the white box showing a cell positive for both Ki-67 and dextran. Scale bar =50 μm.\
**Abbreviation:** DAPI, 4′,6-diamidino-2-phenylindole.](ijn-12-779Fig5){#f5-ijn-12-779}

![Qualitative analysis of apoptosis in infarcted heart region 48 hours after injury and 24 hours after cell transplantation.\
**Notes:** Fluorescence microscopy images showing activated caspase-3-positive cells (red), dextran-positive cells (green), and nuclei counterstained with DAPI (blue). (**A**) Representative image close to the region of cell injection. (**B**--**C**″) Images in higher magnification are also close to the injection site. (**B**, **C**) DAPI staining, (**B**′, **C**′) activated caspase-3 expression, (**B**″, **C**″) dextran staining, and (**B**‴, **C**‴) merged images. Scale bar =50 μm.\
**Abbreviation:** DAPI, 4′,6-diamidino-2-phenylindole.](ijn-12-779Fig6){#f6-ijn-12-779}

###### 

Favorable and unfavorable features of direct and indirect cell tracking methods

  Direct labeling                                                     Indirect labeling
  ------------------------------------------------------------------- -------------------------------------------------------------------------------------------------------------------
  Relatively easy technique                                           Requires specialized technical skills
  Usually involves ex vivo cell culture                               Involves ex vivo cell culture
  No genetic manipulation needed                                      Requires expertise in molecular biology
  Less expensive                                                      More expensive
  Reduced risk of manipulation                                        Biosafety concerns about manipulation of retro- or lentiviral vectors and disposal of materials[@b132-ijn-12-779]
  No direct risk of mutagenesis                                       Risk of mutagenesis in the transformed cells[@b132-ijn-12-779]
  Signal fades with time                                              Signal is maintained for long periods in stable transformation (excluding the possibility of gene silencing)
  The marker is diluted in daughter cells                             The marker continues to be produced by daughter cells (in stable transformation)
  Provides no information about in vivo cell proliferation            Allows assessment of cell proliferation (in stable transformation)
  Marker might be diffused to host tissue and host non-target cells   Signal generated only in the initially prepared cells
  Easily translatable to human uses                                   Mostly not applicable to human uses

###### 

Molecular imaging methods applied in cell tracking

  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Molecular imaging            Principle of functioning                                                                                                                                    Suitable cell labels                                                                                                                                    Comments
  ---------------------------- ----------------------------------------------------------------------------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------- ----------------------------------------------------------------------------------------
  PET                          Detection and tracking of gamma-ray photons generated by the annihilation between positrons                                                                 Radionuclides such as ^11^C, ^13^N, ^15^O, ^18^F, ^64^Cu, ^76^Br, labeled molecules containing radionuclides (eg, \[^18^F\]-2-fluoro-2-deoxy-glucose)   Suitable for clinical applications High sensitivity and low spatial resolution\
                                                                                                                                                                                                                                                                                                                                                   Radionuclides have a short half-life and emit ionizing radiation

  SPECT                        Detection and tracking of single gamma-ray photons                                                                                                          ^99m^Tc, ^123^I, ^111^In, nuclide-labeled molecules (eg, \[^111^In\] oxyquinoline (oxine) or \[^99m^Tc\]-hexamethylpropyleneamine-oxine)                Suitable for clinical applications High sensitivity and low spatial resolution\
                                                                                                                                                                                                                                                                                                                                                   Radionuclides have a short half-life and emit ionizing radiation

  Magnetic resonance imaging   Alignment of the proton spins in the tissues with the magnetic field of the scan, generating a signal                                                       SPIONs, gadolinium complexes                                                                                                                            Suitable for clinical applications\
                                                                                                                                                                                                                                                                                                                                                   High spatial resolution and detection of functional data Less sensitive than PET/SPECT

  Fluorescence imaging         Detection of the photons emitted from a fluorescent agent previously excited by light with a selected wavelength, by using a charge-coupled device camera   Fluorescent proteins (eg, green fluorescent protein), fluorescent dyes (eg, alexafluor, rhodamine), antibodies conjugated with fluorescent dyes         Not yet clinically translatable High sensitivity\
                                                                                                                                                                                                                                                                                                                                                   Limited penetration depth and poor spatial resolution

  Bioluminescence imaging      Detection of the photons emitted during enzymatic oxidation reactions in the labeled cells                                                                  Luciferase/luciferin                                                                                                                                    Not yet clinically translatable High sensitivity\
                                                                                                                                                                                                                                                                                                                                                   Limited penetration depth and poor spatial resolution
  -----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviations:** PET, positron emission tomography; SPECT, single photon emission computed tomography; SPIONs, superparamagnetic iron oxide nanoparticles.
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